We present the theoretical results of a comprehensive study of the photoionization from excited Mg atoms in the spectral region below the Mg II 3p
I. INTRODUCTION
The absolute cross section of ground-state photoionization of a lighter alkaline-earth atom, e.g., Be and Mg, is relatively small due to the simultaneous change of electronic orbitals of two interacting outer electrons. In general, the structure profiles of the alternating broad ͑i.e., nps) and narrow ͑i.e., npd)
1 P resonances are fairly regular along the doubly excited autoionization series ͓1,2͔. In contrast, the spectra from the bound-excited states are usually dominated by the isolated core excitation ͓3,4͔, i.e., a one-electron ⌬ ϭ0 shakeup process of the outer excited electron following the excitation of the inner ns core electron. The resonance structures could vary substantially as increases. A change in the sign of the Fano q parameters ͓5͔ along the doubly excited sp,2n ϩ 1 P series in the He 1s2s 1 S→ 1 P photoionization has been suggested recently ͓6͔. Photoionization from a bound-excited state also allows the possibility to study resonances with symmetries other than 1 P, which are not accessible in a one-photon process from the ground state ͓7͔.
In this paper, we present the quantitative results of a comprehensive study of the photoionization from the boundexcited 3snl 1, 3 S, 1,3 P, and 1,3 D states of Mg. The theoretical data are calculated using a B-spline-based configuration interaction ͑BSCI͒ approach ͓8,9͔. In addition to its successful applications to the ground-state photoionization of He and alkaline-earth atoms ͓4,8,10͔, more recently, the nearthreshold BSCI absolute photoionization cross sections from the bound excited 1snp 1 P states of He have also been confirmed experimentally ͓11͔.
Most of the results presented in this paper are calculated using a set of basis functions which consists of all possible products of one-electron frozen core Hartree-Fock ͑FCHF͒ functions ͓9͔, including both positive and negative energy orbitals, i.e., similar to an extended CC-CC calculation detailed in ͓12͔. The typical size of the extended BSCI basis ranges up to 9000. The Hamiltonian matrix is diagonalized using a two-step procedure discussed in ͓9͔. The worst disagreement between length and velocity results is about 5%. In general, length-velocity agreement is substantially better than 5%. Only length results are presented in this paper. The BSCI results are also consistent with other earlier available theoretical ͓2,13,14͔ and experimental ͓1,7͔ data.
II. RESULTS AND DISCUSSIONS
The theoretical resonant energy and width of a doubly exited state are determined in the BSCI procedure ͓8,9͔ from F autoionization series converging to the Mg II 3p 2 P limit. Except for the 1 P series, the relative energies of all autoionization series follow the usual Hund's rule, i.e., the triplet states lie below that of the singlet states in energy and the states with smaller total orbital angular momentum L lie above that of the states with larger L. Our calculation has shown that the 3pd 1 F state is located slightly above its corresponding 3pd 1 P state. This can be attributed to the stronger mixing between the doubly excited 3pd series and the singly excited 3s f series for the 1 F symmetry than that between the 3pd and 3sp series for the 1 P symmetry. This stronger configuration mixing is also responsible for the greater widths of the 3 pd 1 F series than that of the 3pd 1 P series. In addition, the calculated energies of the 1 P resonance on the longer wavelength side ͑i.e., lower energy side͒ is greater than the one near the 3p6s 1 P resonance on the shorter wavelength side. S→3p(Ϯ1)s 1,3 P ͑i.e., ⌬ 0) transitions, Fig. 2 shows that the cross section on the lower-energy side is greater than that on the higherenergy side. This feature is similar to the 3sd
Figs. 3 and 9 in ͓4͔͒ due to a change in the interference pattern from constructive to destructive across the dominant ⌬ϭ0 transition. Figure 3 shows that the q values of the 3 P resonances on the lower-energy side change from negative to positive along the autoionization series as the energy increases to the higher-energy side across the dominant 3s5s 3 S→3p5s 3 P peak. A breakdown of individual contributions to the total transition amplitudes F t f i for the photoionization from the3s5s 3 S state near the 3p4s 3 P and 3 p6s 3 P resonances detailed in Fig. 4 shows that F t f i is dominated by the 3ss→3 ps shakeup process. As the energy increases from the 3p4s 3 P resonance to the 3p6s 3 P resonance, the net effect due to contributions from other processes is to change the relative positions between the zero in F t f i and the minimum of the square of the amplitude A of the oscillating radial function that represents the outgoing ionized electron. A similar feature has also been reported recently in the He 1s2s
1 S→sp,2n ϩ 1 P photoionization along the 2n ϩ autoionization series ͓6͔. Although there are no experimental 1,3
S→
1,3 P photoionization data from the excited states that can be compared directly to the theoretical BSCI results presented in Fig. 1 , the theoretical spectrum from the ground state compares very well with the observed data. In addition to the excellent theory-experiment agreement shown in Ref. ͓10͔ for the first few doubly excited resonances above the first ionization threshold, Fig. 5 shows a good agreement between the BSCI result and a recent absolute cross-section measurement at higher energy ͓16͔. As the theoretical peak cross section of the 3p5s 1 P resonance is slightly higher than the measured value, the discrepancy between theory and experiment is somewhat larger on the higher-energy shoulder near 112.5 nm.
Except for the 3p 2 1 S state, the widths of all 3p p 1,3 S states are relatively small ͑i.e., 0.1-1 meV or less͒. As a result, the resonance profiles of the 3s i p 1,3 P→3p p 1,3 S photoionization spectra are very difficult to resolve in detail as shown in Fig. 6 . A closer look at the more detailed spectra FIG. 3 . The sign change of the q values of the 3 P resonances along the autoionization series in Mg 3s5s
3 S→ 3 P photoionization.
FIG. 4. Breakdown of individual contributions to the total transition amplitudes F f i t for the photoionization from 3s5s
3 S state near the 3p4s 3 P and 3p6s 3 P resonances. See Table I and Figs. 5 and 7 of ͓4͔ for the detailed processes corresponding to the bound-to-bound ͑B-B͒ and bound-to-continuum ͑B-C͒ transitions.
of a number of selected resonances given in Fig. 7 shows that the 1,3 P→
1,3
S photoionization is also dominated by the ⌬ϭ0 shakeup of the outer p electron following the 3s →3p core excitation. D photoionizations are similarly dominated by the shakeup of the outer i p electron following the 3s→3 p core excitation. One of the most interesting features in the 1 P→ 1 D photoionization spectra is the presence of a very broad resonance located across the first ionization threshold. This broad resonance corresponds to a 3p 2 1 D state diluted in a 3sd 1 D series ͓14͔. Figure 9 shows clearly that the probability density attributed, in turn, to a large negative quantum defect of the d orbitals of the 3s i d 1 D series. Our BSCI calculation has shown that the respective effective principal quantum numbers of 2.66, 3.57, and 4.51 for the 3s3d, 3s4d, and 3s5d 1 D initial states differ from the effective principal quantum numbers of 3.10, 4.09, and 5.09 for the 3p3d, 3p4d, and 3p5d
B. Transitions between P and D states
1 P final states only by about 0.5, instead of a value close to 1.0. As a result, the rates of the ⌬ϭ0 and ⌬ϭϪ1 transitions are comparable as shown. In addition, a small mixture of the 3pЈd component in the 3pЈs 1 P state is responsible for the strong 3s i d 1 D→3p( i Ϫ1)s 1 P transition due to the proximity of the effective principal quantum numbers of the 3p4s, 3p5s, and 3p6s 1 P states ͑i.e., 2.40, 3.43, and 4.44, respectively͒ and that of the initial 3s i d 1 D states. Figure 11 shows that the q parameters of the resonances located on the lower-energy side of the dominating 3s4d 3 D→3 p4d 3 P ͑i.e., ⌬ϭ0) shakeup peak are opposite in sign to the ones on the higher-energy side. A detailed breakdown of individual contributions to the total transition amplitudes F t f i is shown in Fig. 12 . Again, this sign change of the q parameters can be accounted for by a similar physical interpretation for the 3s5s 3 S→ 3 P photoionization discussed earlier ͑see, e.g., Figs. 3 d electron ͑which is subject to slightly more screening by the inner 3s electron due to a substantial configuration mixing between the 3pd and the background 3s f channel͒ does not penetrate as much to the small r region as the outer g electron of the 3pg 1 F resonance. As a result, the 3pd 1 F resonance is located at the higher-energy side of the 3pg 1 F resonance. A more detailed discussion of the interference between the overlapping 3pd and 3pg 1 F autoionization series has already been presented in Ref. ͓4͔ . Finally, we note that the very narrow 3pg
1 F series, with a resonance width of the order of a few hundred MHz, has been observed recently in a three-color stepwise laser excitation and time-of-flight mass spectrometry experiment ͓20͔.
D. Concluding remarks
In summary, the photoionization spectra from bound excited Mg in 3s i l 1, 3 L states are generally dominated by the ⌬ϭ0 shakeup process of the outer i l electron following the one-electron 3s→3p core excitation. The only exception is when the transition is substantially affected by the strong 3sdϪ3pp mixing shown in Fig. 13 . Based on a more comprehensive quantitative study on the variation of the resonance profiles along the doubly excited autoionization series presented in this paper, we are able to confirm two interesting new features which we first suggested in Refs. ͓4͔ and ͓6͔ for limited transitions only. First, in addition to the 1 D → 1 F transition reported in Ref. ͓4͔, the present calculation has shown that the cross section on the lower-energy side is greater than that on the higher-energy side of the dominant ⌬ϭ0 peak, due to a change in the interference pattern from constructive to destructive, for transitions involving all other symmetries. Second, similar to what we reported in Ref. ͓6͔ for He, a sign change in the Fano q parameter along the autoionization series in Mg has also been identified ͑see, e.g., Figs. 3 and 11͒ . The detailed quantitative estimates presented in this study should further facilitate experimental observations such as the one reported recently in Ref. ͓20͔. 
